To investigate the correlations between hearing handicap, speech recognition, listening effort, and fatigue.
INTRODUCTION
reported higher levels of self-reported listening effort and fatigue in adults with hearing loss compared with controls with good hearing. Consistent with recent studies (e.g., Petersen et al. 2015; Hornsby & Kipp 2016) , there was no correlation between hearing level and listening effort or fatigue. The lack of correlation suggests that audibility, per se, is not the cause of listening effort or fatigue. Hornsby and Kipp (2016) reported a positive correlation between self-reported fatigue and hearing difficulty (using the Hearing Handicap Inventory for Elderly [HHIE, Ventry & Weinstein 1982] or Adults [Newman et al. 1990] ). The finding of Hornsby and Kipp is consistent with the Motivation Control Model (MCM) of effort and fatigue proposed by Hockey (2013) . This model views fatigue as an adaptive state that maintains efficient prioritization and management of competing tasks. The subjective experience of fatigue arises when there is conflict between current and alternative tasks. If a demanding task, over which an individual has little control, is perceived as resulting in low success, the individual experiences fatigue. As a result, individuals may modify their behavior and reduce effort on the demanding task (i.e., avoid fatigue at the expense of reduced task performance) or prioritize a task that is less demanding or more rewarding.
Hockey's MCM describes a triangular relationship between aspects of control, task demands, and perceived reward. Fatigue is likely in demanding conditions over which individuals have little control if increased effort is not perceived as resulting in successful performance. The following example shows how the model might relate to having a hearing problem. An individual is motivated to listen to conversation in a noisy party. As the level of background noise (i.e., the demands) increases, the individual might continue to exert listening effort to prevent deterioration in performance. However, the individual might get to a point where he is unable to carry on because the background noise (outside their control) is too loud. In this case, the individual might lose motivation because the perceived rewards of the task are not sufficient, and sustained effort results in fatigue.
Hockey's MCM suggests that fatigue results from sustained effort in situations perceived as unrewarding. This is consistent with the Framework for Understanding Effortful Listening (Pichora-Fuller et al. [2016] ). According to the Framework for Understanding Effortful Listening, motivation to engage in task performance is also likely to result in increased listening effort when performance is perceived as rewarding.
Hockey's MCM describes transient states of fatigue that occur as a result of experiencing periods of sustained effort (Hockey 2013; Hornsby & Kipp 2016) . Adults with hearing loss likely experience periods of sustained effort in daily listening situations. Chronic fatigue may occur if there is sustained effort with little opportunity for recovery. The mental stress associated with having to communicate might persist even when individuals are not involved in a listening task.
AIMS
To our knowledge, no studies have been designed specifically to investigate the correlation between (1) hearing handicap (disability and handicap now called "activity limitation" and "participation restrictions," respectively, in the International Classification of Functioning Disability and Health; World Health Organisation 2001) and listening effort, or (2) speech recognition and listening effort or fatigue. The aims of this study were (1) to investigate the correlation between hearing handicap and both self-reported listening effort and fatigue, and (2) to investigate the correlation between speech recognition and both self-reported listening effort and fatigue. A wide range of behavioral and physiological measures exist for the assessment of listening effort and fatigue. Examples of behavioral measures that have been used include reaction time, for example, Houben et al. (2013) (2013). Examples of physiological measures include galvanic skin response, for example, Mackersie et al. (2015) , electroencephalography, for example, Petersen et al. (2015) , and pupillometry, for example, Zekveld et al. (2011) . The focus of the present article was on self-report measures due to (1) the ease of administration and (2) to facilitate comparability with Hornsby and Kipp (2016) .
Despite exerting considerable effort, individuals with hearing loss report difficulties in challenging listening situations (Hornsby & Kipp 2016) . According to Hockey's MCM, sustained listening effort, with low reward, leads to fatigue. We hypothesized that hearing handicap would have a stronger correlation with self-reported listening effort and fatigue than labbased speech recognition, because the former assesses hearing problems in real life situations.
METHODS

Participants
Eighty-four adults with hearing loss (mean age 72 years, SD: 6, range 65 to 85) were identified through the database of a UK National Health Service audiology department (Withington Community Hospital, Manchester). A minimum sample size of 77 was estimated to provide 80% statistical power with a medium effect size (f 2 = 0.15), according to a Cohen f 2 effect size method. All participants were native English speakers and had bilateral sensorineural hearing loss ranging from mild to severe based on the better ear pure-tone average (PTA) hearing threshold level at 0.5, 1, 2, and 4 kHz. According to the British Society of Audiology-recommended procedures, a hearing threshold in the range of 20 to 40 dB HL is classified as a mild hearing loss, and a hearing threshold in the range of 71 to 95 dB HL is classified as a severe hearing loss. Better ear 4-frequency average was 47 dB HL (SD: 15.4, range 25 to 80). Participants who were hearing aid users used their devices most of the day for a period of at least 6 months. Participants' daily hearing aid use was evaluated based on their response to the question "Do you use you hearing aid most of the day?" with response options of yes or no. Of the 84 participants, eight were not hearing aid users, 26 were unilateral hearing aid users, and 50 were bilateral hearing aid users. Participants with a diagnosed cognitive condition, such as dementia, were not recruited.
Outcome Measures
Following Alhanbali et al. (2017) , fatigue was assessed using the 10-question Fatigue Assessment Scale (FAS, Michielsen et al. 2004 , see supplemental file/Appendix 1, Supplemental Digital Content 1, http://links.lww.com/EANDH/A388). The FAS is a standardized generic scale of fatigue with good internal consistency, reliability, and validity (Michielsen et al. 2004) . Participants were asked to rate how they feel on a daily basis, for example, I get tired very quickly (5-point Likert scale from never to always). Effort was assessed using the six-question Effort Assessment Scale (EAS), developed by Alhanbali et al. (2017) , which includes the three effort-related questions from the Speech, Spatial Quality (SSQ) Hearing Scale (Gatehouse & Noble 2004), for example, "How much do you have to concentrate when listening to someone?" (10-point visual analogue scale; 0 is no effort and 10 is lots of effort, see supplemental file/Appendix 2, Supplemental Digital Content 2, http:// links.lww.com/EANDH/A389). The EAS is not a standardized scale; however, results of Alhanbali et al. (2017) suggested that the scale has good internal consistency and that all of its items load into a single dimension. The 25-question HHIE was used to assess perceived hearing difficulties so that the findings could be compared with Hornsby and Kipp (2016) for example, "Does a hearing problem cause you to avoid groups of people?" (three response options: "yes," "sometimes," or "no"). The HHIE is a standardized scale that has good internal consistency and testretest reliability (Ventry & Weinstein 1982) .
Speech Test
Speech recognition in noise was measured using an adaptive procedure to determine the signal to noise ratio (SNR), in decibels, required for 71% correct. The testing was completed in a sound-treated booth. Participants performed the speech test with their hearing aids on. Participants performed the listening task at the normal user setting. Participants verified verbally that their hearing aids were functioning adequately and that they were able to clearly hear the voice of the researcher at a normal conversational level. The speech material used was a monosyllabic presentation of the digits "1" to "9" (excluding the bisyllabic "7"). The digits were taken from the conversational speech level recordings in the Whispered Voice Test (McShefferty et al. 2013) . Digits in noise test was used because it (1) is a widely used task, and (2) yields comparable data across different language groups (Dimitrijevic et al. 2017) . Strings of three digits, spoken by a male speaker, were presented from two loudspeakers placed 1 m away from where the participant sits at ±45 ○ azimuth. The digits were presented at a level of 65 dBA in the presence of stationary background noise that started 5 sec before the first digit and ended 1 sec after the end of the last digit. Presenting 5 sec of noise before the start of the first digit was expected to be sufficiently long for the noise reduction algorithm to be activated in the hearing aids.
Participants were presented with groups of three digits at a time. After the presentation of each group of three digits, a box appeared on the screen positioned 50 cm from the participant. Participants responded by clicking on the numbers they heard using a computer mouse. A response was only considered correct if the participant correctly identified all three digits and in the correct order. In the first 10 presentations, the level of noise increased by 3 dB in the case of a correct response and decreased by 3 dB in the case of an incorrect response. In subsequent reversals, the level of noise varied in a 2 dB down 1 dB up adaptive procedure until the 71% correct performance level was established. The SNRs of both of the last reversal (trial) and the mean of the last 10 reversals were recorded. We inadvertently used the SNR of the last reversal in the main experiment; however, we are reassured by the similarity between the two methods (<1 dB difference) that speech was presented at around 71% for each participant. The SNR was calculated based on a single test administration. The duration of the listening task ranged from 12 to 15 min depending on the response time of each participant. Testing was completed in a single session.
Analysis
The data of the FAS, EAS, and HHIE were not normally distributed, so nonparametric tests were used in the analysis.
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ALHANBALI ET AL. / EAR & HEARING, VOL. 39, NO. 3, [470] [471] [472] [473] [474] The correlations between hearing handicap, SNR, hearing level, fatigue, and effort were analyzed using Spearman correlation coefficient. Forced entry multiple linear regression was used in which FAS or EAS was the dependent variable and the HHIE, age, and PTA were the independent variables. Forced entry multiple linear regression was also carried out to investigate the effect of age and PTA on the correlation between (1) FAS and SNR, (2) EAS and SNR, and (3) FAS and EAS. Visual examination of scatter plots suggested that a linear model could provide the best representation for all of the aforementioned analyses, and this was confirmed with the curve estimation function on SPSS (IBM statistics SPSS version 22) and the norm of residuals function on MATLAB (MathWorks, version 2015a).
RESULTS
Median and interquartile range (IQR) for the different self-report scales were as follows: HHIE: median = 38.00, IQR = 36.00; FAS: median = 20.00, IQR = 17.50; EAS: median = 71.67, IQR = 31.67. Based on the reference data from Ventry and Weinstein (1982) , 41.86% of the participants had significant handicap (HHIE scores greater than or equal to 43), 41.86% of the participants had mild to moderate handicap (HHIE scores between 17 and 42), and 16.28% had no handicap (HHIE scores less that 17). Figure 1 shows scatter plots of the relationship between the different variables. Spearman r and the significance values are provided on each plot. There was a statistically significant positive correlation between hearing handicap and fatigue and also effort. There were no significant correlations between hearing level and fatigue or effort. There was no significant correlation between age and both hearing handicap and fatigue. The was a weak significant correlation between age and effort. Correlations between fatigue/effort and hearing handicap remained unchanged in multiple regression models that included age and hearing level with the HHIE being the only significant predictors in both of the models (Table 1) .
There was a significant positive correlation between worse speech recognition and greater effort and also greater fatigue, that is, the need for a more positive SNR was associated with greater effort/fatigue. Correlations between effort and speech recognition remained unchanged in multiple regression models that included significant predictors of age and hearing level. The correlation between fatigue and speech recognition became insignificant in multiple regression models that included age and hearing level, suggesting that these factors might have an influence on the correlation between fatigue and speech recognition (Table 1) .
There was a significant positive correlation between effort and fatigue. Correlations between fatigue and listening effort remained unchanged in multiple regression models that included age and hearing level with the effort being the only significant predictors of fatigue (Table 1) . However, the weak value of R 2 suggests that the correlation between fatigue and listening effort is of minimal significance, and other variables are likely to influence participants' experience of fatigue.
DISCUSSION
Consistent with the findings of Hornsby and Kipp (2016) , there was (1) a significant correlation between self-reported fatigue and hearing handicap, but (2) no correlation between self-reported fatigue and hearing level. Our findings also show a similar pattern for self-reported listening effort, which is consistent with the findings of Eckert et al. (2017) .When developing the SSQ Hearing Scale, Gatehouse and Noble (2004) also identified a correlation between hearing handicap and effort. The same pattern was also reported when using the SSQ Hearing Scale to investigate the effect of interaural asymmetry of hearing loss ) and the effect of using one versus two hearing aids (Noble & Gatehouse 2006) . We have also identified significant but weaker correlations between self-reported listening effort/fatigue and lab-based speech recognition.
Our findings are consistent with Hockey's MCM where fatigue is a control mechanism to limit investment of resources in an unrewarding activity over which the listener has little control. Sustained effort is a precursor to fatigue but, according to Hockey's MCM, fatigue is not a direct consequence per se. Fatigue is a consequence of increased effort when performance is not perceived as rewarding. This link between sustained effort and fatigue may explain the correlations between self-reported listening effort and fatigue observed in the present study. Given the possible causal relationship between the experiences of listening effort and fatigue, this could explain why perceived hearing handicap is correlated with both listening effort and fatigue. The correlations with fatigue may have been stronger if the fatigue measure had focused specifically on listening instead of general fatigue. It is also possible that factors such as the age of the participants may have influenced self-reported fatigue. Results of regression analysis suggested that the correlation between hearing handicap and self-reported fatigue was independent of the effect of age and hearing sensitivity. However, considering that fatigue is likely to increase with age (Avlund 2010) , the absence of an effect of age might be due to the limited age range of the participants recruited in this study (65 to 85 years).
There was a significant (but weaker) correlation between speech recognition and both listening effort and fatigue. On average, listeners with poorer speech recognition (i.e., those who require a more positive SNR) reported greater listening effort compared with listeners who achieved criterion performance at a more negative SNR. Our findings are consistent with Eckert et al. (2017) who reported a correlation between perceived listening effort and performance on a sentence in noise task. There was considerable variability in the scores, suggesting that it would not be ideal to use performance on the speech test to predict listening effort for a given individual. The weak relationship between lab-based measures of speech recognition and effort/fatigue is unsurprising given the lack of correlation between PTA and effort/fatigue in the present study and in previous research (e.g., Hornsby & Kipp 2016; Alhanbali et al. 2017) . Speech recognition in quiet, and to some extent in noise, is correlated with hearing thresholds (Vlaming et al. 2014) . Detection of pure tones and speech recognition do not necessarily reflect individual differences in hearing handicap. Selfreport and performance-based measures may assess different aspects of the same experience (Pichora-Fuller et al. 2016) . Factors such as motivation or boredom might influence performing listening tasks in the lab therefore weakening the correlations with speech recognition versus those involving hearing handicap. Although performing the speech in noise task took about 10 min, participants may have been bored due to the repetitive nature of the task despite its short duration (Hockey 2013) .
Our findings show that perceived communicative success (indicated by hearing handicap) and listening effort and fatigue are related. Listening effort and fatigue can have a negative impact on quality of life and limits the benefit of hearing aids (McGarrigle et al. 2014; Pichora-Fuller et al. 2016 ). Therefore, it may be useful to measure listening effort and fatigue to facilitate optimal hearing care. Measuring listening effort and fatigue will provide a more comprehensive assessment of hearing disability. In addition, it may be possible to use effort/ fatigue as an outcome measure when providing intervention (or comparing different interventions, e.g., amplification with noise reduction enabled/disabled, Pichora-Fuller et al. [2016] ). Based on the theory of rational motivational arousal, Matthen (2016) argues that motivation and pleasure have a major role in alleviating the negative experiences associated with hearing loss. A hearing rehabilitation strategy that improves audibility and focuses on successful task performance is less likely to alleviate negative emotions, such as displeasure and fatigue. Identifying ways of encouraging the client to recognize and focus on the pleasure and positive experiences of listening, even when demanding, may be beneficial. Focusing on the positive experiences of listening is likely to improve patient's satisfaction and improve hearing aid use. There is the potential for audiologists to collaborate with health psychology to develop ways of achieving this goal. Educating patients on how to minimize the demands they encounter by selecting and modifying different listening situations whenever possible might be also beneficial. The effect of altering aspects of task demand and motivations on the experience of listening should be emphasized in the rehabilitation process (Pichora-Fuller et al. 2016) . Pichora-Fuller et al. (2016) identified factors, such as stress, stigma, and low self-efficacy (which may be related to motivational factors and reward), as having a negative influence on the performance of individuals with hearing loss in everyday listening situations. They recommend a consideration of social and psychological factors in aural rehabilitation to boost hearing aid benefit. A limitation of our correlational design is that the direction of any causal relationship cannot be established. Another potential limitation is the correlation between lab-based speech-in-noise measures and daily life measures of effort/fatigue. A stronger correlation might have been identified if the assessment was restricted to self-reported effort/fatigue to the lab-based task.
The correlation between handicap and effort (0.78) is stronger than the correlation between handicap and fatigue (0.39). The difference in the size of the correlation could be due to differences in sensitivity of the effort and fatigue questionnaires because the effort questions are hearing specific and the fatigue questions probe general experience. Alternatively, sustained effort will not always lead to fatigue if, for example, the listener is motivated to engage in the task ("I want to do this task" instead of "I have to do this task") because it is under the control of the listener and performance is perceived as rewarding.
CONCLUSIONS
Self-reported listening effort and fatigue are positively correlated with hearing handicap and lab-based measures of hearing difficulty but not hearing level. This is consistent with the Motivational Control Model where perceived difficulty is related to sustained effort and fatigue for unrewarding tasks over which the listener has low control. To our knowledge, we are the first to show a correlation between (1) hearing handicap and listening effort, and (2) speech recognition and listening effort and fatigue in a study that was specifically designed to investigate these correlations. The correlations with lab-based measures of performance are lower than for handicap and suggest that actual performance is affected by multiple factors.
